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Introduction
Transformation optics [1, 2] has provided a new perspective with novel physical insights in light manipulation utilizing the invariance property of Maxwell's equations under coordinate transformations [3, 4] . A variety of conceptual devices can be categorized into the frame of transformation optics, such as the perfect lens [5] , the hyper lens [6] [7] [8] [9] , and invisibility cloaks [1, 2, [10] [11] [12] [13] [14] [15] [16] [17] [18] . Compared to other light manipulation strategies, the unique superiority of transformation optics is the capability of recovering both ray trajectory and optical path length in light manipulation. However, most previous experiments focused on demonstrating the ray trajectory recovery, while the optical path length preservation property was often neglected because of the difficulty in phase measurement. It is the purpose of this paper to demonstrate recovery properties for both ray trajectory and optical path length at the same time and provide a direct and solid evidence for transformation optics strategy.
To convincingly demonstrate the recovery of both ray trajectory and optical path length, one must consider possible errors in the measurement, which scale with the size of the device itself. For devices with the size of only a few wavelengths, as in [11, [16] [17] [18] the errors are often too small to determine experimentally. For example, previous carpet cloaks designed from quasiconformal mapping [12] have been shown to be associated with lateral shift of reflected rays whose value is comparable to the hidden object [19] , while this shifting phenomenon was not directly observed in most previous experiments [11, [16] [17] [18] because a subwavelength lateral shift was not easily perceivable at the nano-scale. So in this paper we instead use an easily realizable macroscopic optical transformation device, where possible errors are much larger than the wavelength and, thus, easily quantifiable.
Regarding the optical path length, or the optical path, it is possible to measure with coherent interferometry [18] but then the measurement inherently has an ambiguity of 2; again, this may be appropriate for nano-scale devices where the error can only be a fraction of the wavelength. Since our device is macroscopic, to avoid the phase unwrapping problem we elected to use low-coherent optical interferometry.
Here, we use a simple transformation optics device of phase-preserved optical elevator that can expand the corresponding electromagnetic space and experimentally demonstrate its capability of recovering both the ray trajectory and optical path length. The optical elevator is simply made of a single piece of natural birefringent crystal with low-loss in the visible regime. The effect of the double refraction from the birefringent crystal is to "lift" upwards the apparent position of a sheet placed underneath the device, which has been observed for centuries. However, it is important to note that, fundamentally different from the other commonly observed optical illusion such as the mirage effect, the optical elevation does not alter the optical path, so that the optical elevation is phase-preserved. Despite the simplicity of this device, the relationship between the ray trajectory preservation and optical path length preservation in similar transformation has been discussed in Ref [19] . as an intermediate step for a more general transformation which led to the previously highlighted carpet cloaks [11, 12, [16] [17] [18] . Therefore, this simple device can provide a solid foundation for related transformation techniques in the development of transformation optics. A schematic of the phase-preserved elevator using a single piece of a natural birefringent crystal is shown in Fig. 1 . The phase-preserved elevating device has a cuboidal shape ( Fig.  1(a) ) to lift the apparent position of a sheet underneath ( Fig. 1(b) ) to an elevated height h. The geometrical design parameters are labeled in Fig. 1(a) , and the refractive indexes of n 1 and n 2 for polarized light are ~1.66 and 1.48, respectively. The top and bottom surfaces are polished with fine optical surface quality.
Design and simulation fesults
Before we explain the design, we first consider a simulation of light propagation through the phase-preserved elevator, where a thin mirror sheet is placed underneath, as shown in Fig.  2(a) . Using the same incident wave and background medium, Fig. 2(b) shows the simulation of light reflected by the same mirror located above the original position with an increased height of h. It can be seen that the phase of the light after passing through the phase-preserved elevator is identical to its counterpart in the unexpanded virtual space. As we emphasized already in the Introduction, it is this phase preservation that makes the phenomenon of lifting illusion discussed in this paper non-trivial and fundamentally different from the commonly observed lifting illusion through a high refractive index liquid (e.g. the bending of a straight pencil immersed in water). Now we proceed to explain the design of the phase-preserved optical elevator as well as the concrete parameters in Fig. 1 . Let us first consider the following transformation from the original coordinates (x', y', z') into a new set of coordinates (x, y, z):
Such a transformation expands the electromagnetic space. Therefore, through this transformation, we can obtain the following constitutive parameters for the material [1, 2] as
where J is the Jacobian of the transformation between the virtual space (x', y', z') and physical space (x, y, z). Here we assume the background medium is air.
In order to make the material realizable in optical frequencies, here we consider twodimensional (2D) geometry with vertical polarization; i.e., the magnetic field can only interact with the z-component of the permeability tensor. We then set this component equal to one, such that a nonmagnetic phase-preserved elevator can be created. Accordingly, the other components of the permittivity tensor need to be adjusted to keep the refractive index unchanged, resulting in 2 ( / ) 0 01
This means that the permittivity can be expressed as two values in two principal directions, respectively. Please note that the above expression for permittivity is with the assumption that the background medium is air. If we choose another background medium with permittivity , the two principal permittivity components will become Consequently, to fix the geometry with available natural materials, we can obtain the principal values of the permittivity as about 1.48 2 and 1.66 2 , if we choose the refractive index of the background to be 1.66, H = 19.8 mm and h = 2.2 mm. This particular material can be simply realized using a single natural calcite crystal with n 1 = 1.66 and n 2 = 1.48, as shown in Fig. 1(a) .
Experimental setup and measurements
The first step in the experimental characterization is to prove that the ray trajectory is preserved, i.e. to measure the position of the reflected light. We first characterize the elevating effect with various viewing angles inside a transparent liquid environment. In this measurement we adopted a transparent laser liquid (OZ IL 19513/16), from Cargille Labs, n ~1.66 measured at visible wavelength) for our position experiments. It is the same as the ideal background refractive index n = 1.66 for this experiment. Fig. 3 . Phase-preserved optical elevating using green, blue, and red laser beams. a, Schematic diagram of the experimental setup. The laser beam goes through a mask pattern "S•G", and a CCD camera is monitoring the phase-preserved elevating effect above the tank. The surrounding medium in the glass tank is first filled with a transparent liquid of refractive index ~1.66. The images captured on the CCD camera when the light through "G" is reflected by a mirror sheet placed at a height of h~2.2mm. Meanwhile, light through "S•" is reflected from the plain mirror sheet without the phase-preserved elevator (b), and with the phase-preserved elevator above the plain mirror (c).
The experimental setup for ray trajectory measurements is schematically illustrated in Fig.  3(a) , where the glass tank is filled with the transparent laser liquid. To better visualize the effect of phase-preserved elevation, a mask pattern "S•G", printed on an opaque plastic plate with thickness of 1 mm using a stereolithography machine (ViperTM SLA System), is located in front of the laser-head. The pattern is placed such that the transverse magnetic (TM) polarized light that is transmitted via the symbol "S•" will go through the phase-preserved elevator with a mirror sheet underneath. Meanwhile the light going through the symbol "G" will directly be reflected by a mirror sheet's surface which is placed at the height of h ~2.2 mm with target objects underneath. A CCD (charge-coupled-device) camera is used to monitor the projected image from the opposite side of the tank. If the phase-preserved elevator can camouflage the target objects successfully, the CCD camera will image a wellpatterned "S•G" as though the mirror sheet under the phase-preserved elevator were lifted up to the same height (h) of the camouflaged target objects. This behavior was confirmed by measurements at different incident wavelengths (488nm, 561nm, 650nm) and at various angles. Figure 3(b) shows the image obtained when the light through "S•" was reflected from the plain mirror sheet surface with the incident angle  (as shown in Fig. 2 ) of 25°. In the image, the symbols "S•" and "G" are located at different altitudes, being consistent with the different positions of two mirrors (as Fig. 3(a) shows) . In contrast, Fig. 3(c) shows the case when "S•" is reflected from the phase-preserved elevated mirror surface; all letters in the captured CCD image are located at the same height, serving as the direct evidence of ray trajectory preservation. The lifting performance was also verified for other incident angles  = 30°, 40 o , and 50°. The second step of demonstration, as the most significant evidence, is the proof of optical path length preservation, i.e. comparison of the optical path length through the elevator to that of unexpanded virtual space. We did this by using a white-light interferometer [20, 21] , as shown in Fig. 4 , to measure the optical path length preservation with high axial resolution. Ideally, we should do this in the laser liquid environment with refractive index = 1.66. However, to enhance the accuracy of phase measurement and exclude the instability from the liquid surrounding environment, we use only one piece of solid calcite (without the laser liquid) to mimic both cases with and without the elevator (in the laser liquid environment) simultaneously. We utilize Fig. 5 to justify the equivalence of the measurements without the laser liquid to those ideally with laser liquid. Figure 5 shows the difference in optical paths of the TM wave and the transverse electric (TE) wave through a calcite crystal in a surrounding medium of arbitrary refractive index n b . Ideally, we should locate the elevator inside the laser liquid which has refractive index 1.66. However, because the TE wave in Fig. 5 perceives the calcite crystal exactly as an isotropic medium with refractive index 1.66, we can simply rotate the polarization of incident light from TM to TE in order to obtain the optical path in the laser liquid with the same incident angle. The optical path difference (OPD) between the TE and TM waves is The experimental arrangement of the Michelson interferometer arrangement (Fig. 4 .) is illuminated with white light (Newport 300 Watt Xeon Lamp, 6258) passing through a collimator, linear polarizer, and bandpass filter. Mirror 1 defines the reference path in air, whereas Mirror 2 reflects light going through the optical elevator. The precise distance between the two paths is matched when a single (typically) interference fringe can be observed at the exit arm of the interferometer. With a filter bandwidth of 480nm (Thorlabs FGS), we calculated the coherence length of the source to be 0.27m [22, 23] , which we take as the nominal axial accuracy of the path comparison. It is less than one average vacuum wavelength, but because of the principle of white light interferometry [20, 21] , no 2 ambiguity is required to be resolved. Based on these elementary considerations, our experimental strategy is to carry out two measurements: one with the polarizer oriented such that only the TE wave goes through the elevator; another with only the TM wave. We then measure the corresponding optical paths by comparing the location of the reference mirror M1. We repeated this phase measurement for different incident angles () at 0°, 5°, 10°, 15°, 20° and 25°. The results are shown in Fig.  6 , and show good agreement with the theoretical predictions.
Conclusions
In summary, we have demonstrated a phase-preserved elevator at optical frequencies using a natural birefringent crystal with low-loss and simple fabrication. In the experimental measurements, we demonstrate that both the optical phase and the position of the reflected light through the phase-preserved elevator in index-matched medium (n b = n 1 = 1.66) are restored when compared to the unexpanded virtual space. To our knowledge, this is the first direct experimental characterization of the effectiveness of anisotropy in preserving both ray trajectory and optical path length in transformation optics.
